marked effects than diabetes of genetic origin, in particular on muscle weight. This reduction in muscle mass was not due to an increased expression of the atrogenes MuRF1 and atrogin-1 during STZ-induced diabetes. The present study in mice demonstrates that both models of diabetes impair regenerating muscles as well as uninjured muscles. Regenerating fast muscles are weaker, lighter and slower in diabetic compared with nondiabetic mice.
Introduction
Diabetes is of great public health concern. Rodent models of diabetes are widely used to study its pathophysiology as well as to develop therapeutic strategies. Several investigations have been concerned with the effect of diabetes on rodent hindlimb skeletal muscles. They have shown that diabetes impairs muscle contractility and induces muscle atrophy [1] [2] [3] [4] . Different hypotheses have been formulated to explain the alterations in muscle function in the diabetic state (see Discussion). Decreased diabetic muscle mass mostly results from the dramatic activation of proteolysis via the ATP-dependent ubiquitin-proteasome pathway, at least during the 1st week following insulin deficiency induction [5] . This ac-tivation is associated with an increased expression of several components of this system, like ubiquitin and proteasome subunits coding genes. Deficiency in insulin signaling accompanies diabetes and also impairs the activation of the PI3-kinase/Akt pathway, thus allowing entry of FoxO family transcription factors into the myonuclei and the subsequent gene activation of Atrogin-1 and MuRF1 [6] . These genes are termed atrogenes because they both encode some skeletal muscle atrophyspecific E3 ubiquitin ligase proteins responsible for the muscle-wasting process.
Although muscles have a remarkable ability to alter their phenotype in response to increased muscular activity, damage is known to be generated by excessive muscular exercises, as well as trauma, neuromuscular diseases and myotoxic agents [7, 8] . However, very little information is available concerning the rate and extent of muscle repair after injury in the diabetic environment [9, 10] . To our knowledge, no study has examined the effect of diabetes on the restoration of neuromuscular function after muscle injury. It is important to note that diabetes does not only affect muscle fibers but also nerve branches and blood vessels, all elements known to play a major role in muscle repair [7, 11] . For instance, diabetes induces pathological changes in motoneurons and in neuromuscular junctions [2, 12] . It would therefore be pertinent to study diabetic muscle function in situ.
The aim of the present experiments in mice was to assess the outcome of diabetes on muscle mass and on the recovery of neuromuscular function following myotoxic injury that destroys muscle fibers but leaves intact satellite cells, blood supply and innervation. We wanted to test the hypothesis that diabetes would reduce muscle mass and neuromuscular recovery after myotoxic injury. This hypothesis is based on reports that tissue healing, and muscle regeneration after transplantation, is clearly impaired in a diabetic environment [9, 10, 13] . In the present study, two procedures were used to generate diabetes. Diabetes was induced by streptozotocin (STZ, a pancreatic ␤ -cell toxin) administration [14] . We also used Akita mice that spontaneously develop diabetes [15] , a genetic model of diabetes without the potential toxic side effects of chemical administration. Muscle recovery was observed following the extensive muscle necrosis created by injecting the myotoxic agent, cardiotoxin, into muscles of diabetic and nondiabetic mice. Neuromuscular function was evaluated in situ by examining force production in response to nerve stimulation. Our findings demonstrate that diabetes has detrimental effects on both muscle mass and function after myotoxic injury.
Materials and Methods

Animals
All procedures involving young adult rodents were performed in accordance with national and European legislations, using young adult rodents. The study was approved by the Ethical Committee for Animal Experimentation at the University Paris 6. Two types of diabetes were studied. First, male Swiss mice (15-20 g) were purchased from Janvier (France). They received a single intraperitoneal injection of STZ (Sigma), 200 mg/kg at 2-3 months of age. STZ was dissolved in sodium citrate buffer (pH 4.5). These mice were used 4 weeks after STZ treatment. Second, Akita mice [15] were kindly provided by Dr. M. Levi-Strauss (INSERM U580, Paris, France). Original founders were obtained from Charles River (France). Male diabetic Akita mice (heterozygous, C57BL/6 genetic background) were mated to nondiabetic female C57BL/6 mice. Only male mice progeny at 3-4 months of age were studied. Urinary glucose concentration was assessed with reagent strips (Bayer). Mice with a urine glucose 1 2,000 mg/dl were presumed to be diabetic. Blood glucose concentrations were measured with a glucometer to confirm the diabetic status of STZ-treated Swiss mice and Akita mice ( 1 16 mM). Following the administration of STZ, almost all Swiss mice developed diabetes in contrast to only about half of the Akita mice.
Myotoxic Treatment
Extensive muscle necrosis was created by injecting a myotoxic agent into diabetic and nondiabetic mice [8, 16] . Cardiotoxin exhibits protein kinase C activity and is a pore-forming agent that causes the degradation of the plasma membrane [8] . In the present study, we verified that hematoxylin-stained transverse sections of myotoxic-treated muscles exhibited centronucleated muscle fibers (regenerating muscle fibers) that filled 1 80-100% of the muscle cross-section area 56 days after myotoxic injury, confirming that our myotoxic treatment resulted in an almost total destruction of tibialis anterior (TA) muscles in every mouse, as previously observed [17, 18] . Animals were anesthetized with pentobarbital (60 mg/kg). Surgery was performed on right legs in order to inject myotoxic agent into hindlimb muscles. Cardiotoxin (C-3987; Sigma-Aldrich, 10 M in 70 l normal saline) was injected into right TA (fast-twitch) muscles. A needle connected to a microsyringe was inserted near the distal tendon, pushed up to the proximal tendon, and the myotoxic solution was injected into the muscle, the needle being pulled up in order to deliver the solution along the entire length of the muscle. Contralateral (left) legs were left intact and were used as normal (uninjured) muscles. Contralateral muscles are apparently a good control to injured muscles since no differences were observed between the right and left normal muscles [19] . The mobility of the animals had generally returned to normal a few days after surgery.
Neuromuscular Function
The isometric contractile properties of left and right TA muscles were studied in situ 14, 28 and 56 days after myotoxic treatment. Measurements were performed according to previously detailed methods [17] . During experiments, animals were anesthetized with pentobarbital (60 mg/kg). Supplemental doses of anesthetic were given as required to maintain deep anesthesia. All isometric contraction measurements were made at an initial muscle length of L 0 (length at which maximal tension was obtained during the twitch). Briefly, the knee and the foot were fixed using clamps. The muscle distal tendon was attached to an isometric transducer (Harvard Bioscience, Les Ulis, France) using a silk ligature. Great care was taken to ensure that blood and nerve supply remained intact during surgery. All data provided by the isometric transducer were recorded and analyzed on a microcomputer using the PowerLab system (4SP; ADInstruments) and software (Chart 4; ADInstruments). Body temperature was maintained at 37 ° C using radiant heat. In order to maintain the muscle temperature as near as possible to 37 ° C, drops of mineral oil at 37 ° C were regularly applied during the functional measurements. The sciatic nerve (proximally crushed) was stimulated by bipolar silver electrodes using a supramaximal square wave pulse of 0.1 ms duration. Following single or repetitive electrical stimulation (at pulse frequencies of 6.25, 12.5, 25, 50, 100 and 143 Hz; train duration of 500 ms), muscle force responses were successively recorded. At least 1 min was allowed between stimulations. The following parameters were studied: maximal tetanic force (P 0 ) and tetanic fusion. Tetanic fusion was calculated as the a/b ratio, where a and b were the minimal (relaxation) and maximal (contraction) tensions of the third twitch of the tetanus (pulse frequency of 12.5 Hz), respectively. Specific maximal tetanic force (P 0 /m) was also calculated [P 0 /m = P 0 (g)/muscle mass (g)]. Fatigue resistance was then determined after a 5-min rest period. Muscles were stimulated for 45 s at 50 Hz, the times corresponding to a 20% decrease in tension were noted.
After contractile measurements, animals were killed with an overdose of pentobarbital. Muscles were then weighed, frozen in liquid nitrogen and stored at -80 ° C.
Quantitative RT-PCR Analysis of Atrogenes
Total RNA was extracted from TA muscles of STZ-treated, Akita and corresponding control mice using the Nucleospin RNA II kit (Macherey-Nagel, France) according to the manufacturer's instruction. First-strand cDNA was synthesized from 1 g of total RNA using the Superscript II reverse transcriptase as described by the manufacturer (Life-Technologies, France) with random hexameric primers. For the quantitative PCR, primer sequences were chosen using the primer 3 input software (www-genome. wi.mit.edu), with Tm fixed at 60 ° C and amplicon length between 100 and 150 bp. Primer sequences were as follows: ␤ -actin : forward 5 -CCCTGTATGCCTCTGGTCG-3 , reverse 5 -ATG-GCGTGAGGGAGAGCAT-3 ; mHDAC6 : forward: 5 -AAGTG-GAAGAAGCCGTGCTA-3 , reverse 5 -CTCCAGGTGACACAT-GATGC-3 ; mfoxo3a : forward 5 -AGCCGTGTACTGTGGAGC-TT-3 , reverse 5 -TCTTGGCGGTATATGGGAAG-3 ; mMAFbx : forward 5 -CAGACCTGCATGTGCTCAGT-3 , reverse 5 -CCA-GGAGAGAATGTGGCAGT-3 . mCyclophilinB : forward 5 -GAT-GGCACAGGAGGAAAGAG; reverse 5 -AACTTTGCCCGAAA-ACCACAT-3 ; mMURF1: forward 5 -ACCTGCTGGTGGAAAA-CATC-3 ; reverse 5 -AGGAGCAAGTAGGCACCTCA-3 .
Real-time quantitative RT-PCR was performed according to the manufacturer's instructions with the Roche SYBRGreen Master Plus DNA detection kit in a Light-Cycler 1.5 (Roche Molecular Diagnostic). Results were normalized to Cyclophilin B expression.
Statistical Analysis
Data were analyzed using Statistica 5.5 software (StatSoft, Paris, France). Groups of muscles from STZ-treated Swiss or Akita mice were statistically compared using three-way analysis of variance (diabetes ! time ! myotoxic injury) with repeated measures for myotoxic injury. If necessary, subsequent contrast analysis was also performed in order to study significant interaction between factors. The effects of STZ-induced diabetes and diabetes in Akita mice were statistically compared using one-way analysis of variance. The significance level was set at p ! 0.05. When variables were not normally distributed and/or equality of variance were not obtained (tetanic fusion in STZ-treated mice and Akita mice, fatigue resistance in Akita mice), comparisons were made on transformed data (rank number). Values are means 8 SEM. Only significant differences between diabetic and nondiabetic muscles are discussed.
Results
Diabetes Induced by STZ in Swiss Mice
Type 1 diabetes was generated by STZ administration in Swiss mice, and 4 weeks later, the regeneration was induced in right TA muscles by injection of a myotoxic agent. Injured and normal (uninjured, left) TA muscles were studied at different times after myotoxic treatment.
The three-way analysis of variance (diabetes ! time ! myotoxic injury) shows the main significant effects of diabetes on all studied muscle parameters (muscle weight, fatigue resistance, maximal tetanic force, specific maximal tetanic force and tetanic fusion). Diabetes induced by STZ administration decreased muscle weights (p = 0.0001, fig. 1 ), fatigue resistance (p = 0.02, fig. 2 ) and maximal tetanic force (p = 0.0001, fig. 3 ). Moreover, diabetes increased specific maximal tetanic force (p = 0.04, fig. 4 ) and tetanic fusion (p = 0.04, fig. 5 ).
This analysis also revealed two interactions between diabetes and one of two other factors (times or myotoxic injury). These two interactions were: (a) diabetes and myotoxic injury interaction (p = 0.04), with myotoxictreated muscles being lighter than uninjured muscle in diabetic mice (p = 0.007, fig. 1 ), and (b) diabetes and time interaction (p = 0.02), with diabetic mice exhibiting reduced fatigue resistance compared with nondiabetic mice on day 14 (p = 0.001, fig. 2 ).
Diabetes in Akita Mice
Right TA muscles of Akita mice that spontaneously develop diabetes were treated with myotoxin and studied at different times of recovery.
Three-way analysis of variance shows that there were main effects of diabetes on muscle weight, maximal tetanic force and tetanic fusion in Akita mice. Diabetes in Akita mice decreased muscle weights (p = 0.0001, fig. 6 ) and maximal tetanic force (p = 0.0008, fig. 7 ). Moreover, diabetes increased tetanic fusion (p = 0.003, fig. 8 ).
This analysis also revealed an interaction between diabetes and either of the two other factors (time or myotoxic injury). There was an interaction between diabetes and myotoxic injury (p = 0.046), with muscle weights being increased by myotoxic injury in nondiabetic mice (p = 0.008, fig. 6 ). Table 1 shows that the statistically significant effects of diabetes on muscle weight (p = 0.000001), tetanic fusion (p = 0.024) and maximal tetanic force (p = 0.000054) were greater in STZ-treated mice compared with Akita mice.
Comparison between STZ-Treated Mice and Akita Mice
To investigate the possibility that the expression of atrogenes could explain the greater muscle atrophy in STZ-treated mice, transcript levels of atrogin-1 , MuRF1 and FoxO3A were quantified by quantitative RT-PCR analysis 2 months after muscle injury and 3 months after the onset of diabetes. Despite the differences in measured muscle mass between STZ-treated and Akita diabetic mice, no significant change in atrogene expression was observed. Moreover, atrogene transcript levels in these two diabetic states were the same as in nondiabetic muscles, suggesting that the activation of the FoxO/Atrogin-1/MuRF1 pathway did not persist after the first few weeks following the onset of insulin resistance, but rather returned to a basal level ( fig. 9 ). 
Discussion
The aim of this study was to examine the effect of type 1 diabetes on the restoration of neuromuscular function following myotoxic injury in two diabetic mouse models. Despite the fact that it is already known that diabetes affects normal (uninjured) skeletal muscle and innervation, little information is available concerning neuromuscular recovery following injury in the diabetic environment. In the present study, our analyses of the in situ contractile properties in response to nerve stimulation indicate that diabetes, as well as having an effect on normal (uninjured) muscle maintenance, affects regenerating (injured) muscles in a detrimental way.
It is well known that STZ causes ␤ -cell necrosis, inducing insulin-dependent diabetes in many species, particularly in rodents. This drug is a potent alkylating agent which directly damages DNA. In addition, the metabolism of STZ generates free radicals and nitric oxide (NO) which could aggravate the situation [14] , as confirmed by the recent report that STZ can directly exert its detrimental effects in the absence of pancreatic toxicity [20] . STZ has also been shown to impair cardiac contractile function in the absence of hyperglycemia and hypoinsulinemia [20] . Therefore due to the apparent toxic side effects, in the present study we have considered an additional genetic model of diabetes. Diabetic Akita mice spontaneously develop symptoms (insulin deficiency, hyperglycemia and polydipsia) soon after weaning [15] , due to a mutation in the insulin 2 gene [21] . To our knowledge, no other study has examined neuromuscular function from diabetic Akita mouse. Our results indicate that STZ administration in Swiss mice and diabetes in Akita mice globally induce the same detrimental effects on motor performance. However, it is intriguing that STZ-induced diabetes exerts more marked effects than the diabetes of genetic origin. For example, maximal force production is decreased by 46.8% in STZ-treated mice versus 24.5% in Akita mice. The more marked effects of STZ could be either due to a more severe diabetes or to a direct toxic effect of the drug on muscles.
We report for the first time that both STZ-induced diabetes in Swiss mice and diabetes of genetic origin in Akita mice reduced the maximal force production in response to nerve stimulation of regenerating muscles. We found this same detrimental effect of diabetes in the case of the uninjured muscles, which is in agreement with previous studies [2, 12] . It is very likely that the reduction in regenerating muscle weights is the cause of the maximal force deficit since specific maximal force was not decreased by diabetes.
It has been documented that insulin deficiency may cause atrophy of uninjured muscles due to increased muscle protein degradation and decreased protein synthesis [22] . The FoxO family of transcription factors promote the expression of atrogenes that are necessary for rapid muscle atrophy via the increase in protein degradation by the ubiquitin proteasome pathway [5, 6] . Interestingly, we found that the levels of the transcripts for atro- gin-1 , MuRF1 and FoxO3A were not upregulated either by STZ-induced or Akita diabetes 3 months after the onset. Therefore, it is not possible to explain the more marked effect of chemically induced diabetes versus genetic diabetes on muscle weight by an increased expression of atrogenes in diabetic STZ-treated mice compared to diabetic Akita mice. The return to the basal levels of the MuRF1 and Atrogin-1 indicates that the maintenance of the atrophic state in the diabetic environment for 3 months was no longer under the control of these two atrogenes . These results strongly suggest that atrogene activation is a transient event during diabetes, which is in line with a very recent study showing that induction of many atrogenes ended 14 days after the induction of muscle wasting by denervation, concomitantly with the end of the phase of rapid muscle mass loss [23] . It will, though, be very interesting to identify the mechanisms responsible for the maintenance of long-term muscle atrophy in diabetic muscles. It still appears possible that the difference in muscle weights measured between the two diabetes models is a secondary consequence of a greater muscle atrophy that would have happened in STZ-treated as compared to Akita mice during the first few weeks following diabetes onset and before the expression of the atrogenes returned to a basal level. This question could be addressed by quantifying Atrogin-1 and MurF1 transcript levels at different times after the onset of diabetes. Diabetes has also been reported to reduce the expression in satellite cells of myogenic regulatory factors that control muscle growth and regeneration [24] . NO dysregulation induced by diabetes [25] could also lead to deficient muscle growth and regeneration since NO is involved in satellite cell activation [26] . Another explanation of the detrimental effects of diabetes on muscle size may be a decrease in the blood supply to muscles [27] and a deficient neurotransmission [2] . Indeed, efficient muscle vascularization and innervation are known to be essential for muscle maintenance and regeneration [18] . Moreover, both STZ-induced diabetes in Swiss mice and diabetes of genetic origin in Akita mice increased the degree of tetanic fusion of regenerating muscles as well as in uninjured muscles. These results are in agreement with previous observations showing that diabetes modifies the processes of excitation-contraction-relaxation in uninjured diabetic muscles [28, 29] . We did not exactly determine how the diabetic state alters the muscle function. However, it has been suggested that hyperglycemia is responsible for the change in muscle contractility, at least in uninjured muscles [29] . Hyperglycemia induces the production of oxygen free radicals and dysregulation of NO [25] . It has been well established that increases in reactive oxygen species and NO lead to contractile dysfunction in muscles [30] . Another explanation might be that posttranslational modifications of proteins, such as glycosylation of muscle contractile proteins due to hyperglycemia could modify muscle function, as demonstrated for glucose exposure [31] . Moreover, another possibility is that a change in muscle phenotype (fast/slow) has occurred. It is interesting to note that a high degree of tetanic fusion is characteristic of slow muscles and correlates with slow myosin heavy chain expression [32] . In addition, it has been reported that diabetes induces a fast/slow myosin shift in fast muscles [33] that was not associated with an increased fatigue resistance [2, 3] . Taken together, our findings indicate for the first time that the diabetic state provides an unfavorable environment for maintenance of muscle mass and restoration of neuromuscular function after injury. This conclusion is in line with the few studies that have previously examined tissue healing in diabetic animals [9, 10, 13] . Gulati and Swamy [9] reported that diabetes reduces muscle mass and myofiber size after muscle transplantation. Further evidence for the role of normal insulin and glucose levels in skeletal muscle is that diabetic muscles regenerate better with respect to both muscle weight and myofiber size when transplanted into nondiabetic as compared to diabetic hosts [9] . In the context of many previous reports, our data lead to the conclusion that the presence of insulin together with male sexual steroids and thyroid hormones [34, 35] are necessary to create a favorable environment for the formation of new muscle fibers and recovery of neuromuscular function after myotoxic injury.
Conclusion
The present study demonstrates that diabetes induces detrimental effects on both normal and regenerating muscles in mice. Regenerating fast muscles are weaker, lighter and functionally slower in diabetic mice than in nondiabetic mice. These results should encourage us to search for new treatments able to increase muscle mass and improve neuromuscular function in the diabetic environment. Impaired recovery after muscle injury could explain, at least in part, the muscle atrophy and weakness which is observed in diabetic patients.
